Abstract The discovery of adipose-derived stromal cells (ASCs) has created many opportunities for the development of patient-specific cell-based replacement therapies. We have isolated multiple cell strains of ASCs from various anatomical sites (abdomen, arms/legs, breast, buttocks), indicating widespread distribution of ASCs throughout the body. Unfortunately, there exists a general lack of agreement in the literature as to their "stem cell" characteristics. We find that telomerase activity and expression of its catalytic subunit in ASCs are both below the levels of detection, independent of age and culturing conditions. ASCs also undergo telomere attrition and eventually senesce, while maintaining a stable karyotype without the development of spontaneous tumor-associated abnormalities. Using a set of cell surface markers that have been promoted to identify ASCs, we find that they failed to distinguish ASCs from normal fibroblasts, as both are positive for CD29, CD73 and CD105 and negative for CD14, CD31 and CD45. All of the ASC isolates are multipotent, capable of differentiating into osteocytes, chondrocytes and adipocytes, while fibroblasts show no differentiation potential. Our ASC strains also show elevated expression of genes associated with pluripotent cells, Oct-4, SOX2 and NANOG, when compared to fibroblasts and bone marrow-derived mesenchymal stem cells (BM-MSCs), although the levels were lower than induced pluripotent stem cells (iPS). Together, our data suggest that, while the cell surface profile of ASCs does not distinguish them from normal fibroblasts, their differentiation capacity and the expression of genes closely linked to pluripotency clearly define ASCs as multipotent stem cells, regardless of tissue isolation location.
Introduction
The utility of adult stem cells presents a unique opportunity for the development of low cost, low risk methods to treat human disease using patient-specific cells. Current techniques employ a generally low yield isolation protocol for bone marrow-derived mesenchymal stem cells (BM-MSCs) from the iliac crest of the pelvis (Izadpanah et al. 2006) , which is an invasive and painful procedure. More recently, a cell type similar to BM-MSCs was discovered residing in fat tissue removed during elective lipoaspiration surgeries. These cells, appropriately named adipose-derived stromal cells (ASCs), are isolated with much higher efficiency relative to the BM-MSC isolations, have a greater expansion capacity and appear to differentiate efficiently into the same cell lineages as BM-MSCs (Zuk et al. 2001) . Following their discovery, the stem cell-like qualities of ASCs came under scrutiny as their identity and characteristics were still being determined. Many groups have attempted to define a specific set of cell surface markers to purify ASCs from the complex mix of cells in the stromal vascular fraction (SVF) isolated from lipoaspirate. A variety of combinations have been attempted with varying results (Izadpanah et al. 2006; Zuk et al. 2001; Astori et al. 2007; Katz et al. 2005 ; Kern et al. 2006; Leong et al. 2005; Lin et al. 2008a, b; Noël et al. 2008; Rebelatto et al. 2008; Wagner et al. 2005; Yoshimura et al. 2006; Zhu et al. 2008 ) but a general lack of agreement exists as to which of these factors are the most relevant.
In an effort to distinguish ASCs from normal fibroblasts, many studies have attempted to identify unique ASC properties, including their resident niche, their stability in culture and their gene expression profile (Izadpanah et al. 2006; Lin et al. 2008b) . Recently, a report showing that some ASCs undergo spontaneous transformation and/or aneuploidy with continuous culture was retracted based on data indicating tumor cell cross-contamination (Torsvik et al. 2010 ), which was not overly surprising given that the vast majority of studies show no such transformation potential Abdallah et al. 2005; Fu et al. 2001 ). There has also been interest to define a set of genes, such as Oct-4 and hTERT, which would suggest these ASCs are more embryonic-like than the morphologically similar fibroblast cells. It has been reported that ASCs express hTERT and some reports show expression of genes associated with pluripotency such as Oct-4 (Lin et al. 2008b; Zhu et al. 2008; Fu et al. 2001; Pochampally et al. 2004) . The indication that ASCs express markers of pluripotency suggests that these cells have characteristics similar to embryonic stem cells (ESCs) while being able to maintain the mesenchymal state of normal fibroblasts.
Using multiple ASC isolations from various tissue sites within the human body, we demonstrate that the expression of a widely used set of cell surface markers fails to distinguish ASCs from fibroblasts, suggesting that identifying adult stem cells will likely not be based on their cell surface characteristics. In order to more accurately define the stemness of our ASC cultures, we find that the differentiation capacity and the expression profile of certain pluripotent genes provide evidence of their multipotency and functional stem cell qualities. Thus, their ability to differentiate into mesenchymal cell types (fat, bone, cartilage) and their elevated expression of ESC-related transcription factors (Oct-4, SOX2, NANOG) functionally distinguish ASCs as mesenchymal stem cells, independent of the anatomical site of harvest (abdomen, arms/legs, breast, or buttocks).
Materials and methods

ASC isolation
Isolation was carried out as described previously (Zuk et al. 2001 ) except where noted. Freshly harvested fat was obtained and immediately subjected to isolation. All patient samples were treated as medical waste and were therefore not subjected to Institutional Review Board approval. Any separated oil was removed from the top of the lipoaspirate followed by the removal of the saline/blood fraction. For the ASC 12 s strain, we modified the protocol by removing the saline fraction into a separate conical tube in order to pellet the cells as previously described (Francis et al. 2010) . The fraction of mononuclear cells was then resuspended in 25 ml DMEM/F12 supplemented with 50 % FBS, 1 % antibiotic/ antimycotic (ABAM) (Invitrogen) and 10 ng/ml EGF, followed by incubation overnight to select for adherence. The remaining floating cells were aspirated off the following day and the adherent cells were washed to remove any remaining red blood cells or fat lobules. All ASC cell strains were isolated from different individuals as noted by the increasing numerical value, i.e. ASC 1, 4, 5, 6, 8, 9, 12 s. ASC isolations were from various sites in the body with ASC 1, 4, 8 from the abdomen, ASC 9 from the legs and arms and ASC 12 s from the buttocks (ASC 5 and ASC 6 tissue sites were not noted), as well as bASC 1, 2, 3, 4 from breast tissue from reduction mammoplasty.
Cell culture
All ASC cell strains were maintained in DMEM low glucose supplemented with 10 % FBS, 1 % antibiotic/antimycotic (ABAM, Invitrogen) and 10 ng/ml EGF in 5 % CO 2 at 37°C. All versions of BJ fibroblasts cells (CRL-2522; ATCC, Manassas, VA, USA), post-natal foreskin fibroblasts, were cultured in DMEM high glucose supplemented with 10 % cosmic calf serum (Thermo Scientific, Waltham, MA, USA), 3 % Media 199 (Invitrogen, Carlsbad, CA, USA) and 1 % ABAM. Stable BJ-hTERT cells were made by retroviral infection of the catalytic subunit gene (hTERT) of telomerase and used as a positive control for telomere length assays (Poynter et al. 2009; Elmore et al. 2002) . BJ-GFP, ASC 8-GFP and ASC 8-hTERT cells were established by infection of the green fluorescent protein (GFP) gene and the hTERT gene using Adenoviral-mediated infection, serving as a negative (GFP cells) and a positive (hTERT) control for telomerase assays (Poynter et al. 2009 ).
Induced pluripotent stem (iPS) cells (from Dr. James Thomson, University of Wisconsin) and embryonic stem cells (ESCs; BG01V clone; ATCC) were maintained on mytomycin C (Sigma) inactivated mouse embryonic fibroblasts monolayer in knock out replacement media (KoSR) containing DMEM/F12, 20 % KoSR (Invitrogen), 1 % penicillin/streptomycin (Invitrogen), 1 % non-essential amino acids (Invitrogen), 0.1 mM β-mercaptoethanol (Sigma) and 4 ng/ml basic Fibroblast Growth Factor (bFGF) (Invitrogen). HL-60 promyelocytic leukemia cells (CCL-240, ATCC) were grown in suspension in DMEM with 10 % serum and 1 % ABAM and were used as positive controls for telomerase activity assays (Poynter et al. 2009; Elmore et al. 2002) .
Karyotypic analysis
The chromosomes from cell strains ASC 8, ASC 9 and ASC 12 s were analyzed using GTG-banding. Each cell line was harvested and slides were prepared according to standard procedures (Rooney and Czepulkowski 1992) . Briefly, actively dividing cells were blocked in metaphase with 0.1 g/ml of Colcemid for 2-4 h. After a 10-min incubation in a 0.075 M KCl hypotonic solution, the cells were fixed by serial washes in a methanol/glacial acetic acid solution (3:1). GTG-banding was performed using standard procedures (Barch 1991) . Representative images were captured using a Cytovision image analysis system (Applied Imaging, Santa Clara, CA, USA) and scored as before (Elmore et al. 2002) .
Adipocyte differentiation
Cells were plated, grown to 100 % confluence and incubated in adipogenic media containing DMEM low glucose, 1 % FBS, 0.5 mM isobutyl-methylxanthine (Sigma), 1 μM dexamethasone (Sigma), 10 μM insulin (Sigma), 200 μM indomethacin (Sigma) and 1 % ABAM. The plates were maintained for 2 weeks until lipid droplets formed. The cells were then washed and fixed using 4 % paraformaldehyde and stained with Oil Red O (Sigma), which specifically stains lipids. Whole field light microscopy images were captured at ×10 magnification.
Osteocyte differentiation Cells were plated and grown to approximately 75 % confluence and then osteogenic differentiation media was added. The differentiation media consisted in DMEM high glucose, 1 % FBS, 0.01 μM 1.25-dihydroxyvitamin D3 (Sigma), 50 μM ascobate-2-phosphate (Sigma), 10 mM β-glycerophosphate (Sigma) and 1 % ABAM. The cells were cultured for 2 weeks until significant calcium deposits were observed. The cells were then washed and fixed using 4 % paraformaldhyde solution and stained using Alizaran Red S (Sigma), which specifically stains calcified deposits in the extracellular matrix. Whole field light microscopy images were captured at ×10 magnification.
Chondrocyte differentiation
Cells were collected and pelleted at 300g in a 2-ml Vbottomed tube at 2×10 5 cells per pellet. These tubes were placed in the incubator at 37°C in 5 % CO 2 in chondrogenic differentiation media containing DMEM low glucose, 1 % FBS, 6.25 μg/ml insulin, 10 ng/ml recombinant TGFβ-3 (R&D Systems, Minneapolis, MN, USA), 50nM ascorbate-2-phosphate and 1 % ABAM. After 1 week, the pellets were transferred to a 10-cm 2 dish and cultured in the same media formulation for another 2 weeks. The pellets were then removed and the remaining cells on the plate were fixed in 4 % paraformaldehyde and stained with Safranin O (Sigma), which specifically detects glycosoaminoglycans (GAG) proteins present in high concentrations in chondrocyte extracellular matrix.
Telomeric repeat amplification protocol (TRAP)
For the detection of telomerase activity, the TRAPeze kit (Millipore, Billerica, MA, USA) protocol was followed as before (Poynter et al. 2009; Elmore et al. 2002) . Briefly, 100,000 cells were lysed in 200 μl of CHAPS lysis buffer with protease inhibitors to achieve a concentration of 500 cells/μl. Subsequent lysates were either used immediately or stored at −80°C until analyzed. The TRAP assay was carried out using γ 32 P-ATP labeled TS-primer and 1,000 cells (2 μl) per sample, followed by PCR amplification. Telomerase-extended products were visualized by electrophoresis on a 10 % polyacrylamide gel, followed by a brief fixation and exposure to a phosphorimager screen overnight. The subsequent radiographic image was captured and quantified as before (Elmore et al. 2002) , using a Molecular Dynamics phosphorimager and ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA).
Terminal restriction fragment analysis (TRF)
Genomic DNA from 2 × 10 7 cells was isolated using the Qiagen genomic extraction kit, following the provided protocol (Qiagen, Valencia, CA, USA). A telomere specific oligonucleotide G-rich probe (5′-TTAGGGT TAGGGTTAGGG-3′) was labeled using γ 32 P-ATP for use in the TRF assay, as before (Elmore et al. 2002) . Following in-gel hybridization and washing, the gel was exposed to a phosphorimager cassette and imaged using a phosphorimager and analyzed using ImageQuant software (Molecular Dynamics). The total area under the curve was calculated following area densitometry and the mean value is shown as before (Poynter et al. 2009; Elmore et al. 2002) .
Flow cytometry
A total of 500,000 cells/sample were centrifuged at 1,000g for 1 min at 4°C, resuspended in 75 μl of FACS buffer (PBS, 2 % FBS) and incubated on ice for 10 min. Cells were immunolabeled with 13 μg/μl of the respective primary antibody (CD14, CD29, CD31, CD34, CD45, CD73, or CD105) (Millipore) for 30 min at 4°C with rotation, followed by centrifugation and 3 washes with FACS buffer. Secondary antibody (Alexa 488 anti-mouse; Molecular Probes) was added at a dilution of 1:400 and incubated in the dark at 4°C with rotation for 30 min. After washing, the resulting pellet was resuspended in 500 μl PBS and filtered through a 35-μm nylon mesh to remove aggregated cells. Cell suspensions were kept on ice until cytometric analysis, which was performed using a Coulter Epics XL-MCL (Beckman Coulter, Brea, CA, USA).
Gel-based RT-PCR and qRT-PCR
Total RNA was extracted using TRIzol (Invitrogen) reagent following the manufacturer's protocol as before (Elmore et al. 2002) . RNA purity and concentration was analyzed using a Nanodrop 1000 UV/Spectophotometer (Thermo Scientific, Waltham, MA, USA). RT-PCR was then carried out using the RETROscript kit protocol (Ambion, Austin, TX, USA), as before (Poynter et al. 2009; Elmore et al. 2002) . The PCR conditions were 94°C for 2 min, 30 cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 1 min and 72°C for 5 min. The primers used were as follows: Oct-4 Fwd 5′-CAGTGCCCGAAACC CACAC-3′, Rev 5′-GGAGACCCAGCAGCCTCAAA-3′; SOX2 Fwd 5′-TACCTCTTCCTCCCACTCCA-3′, Rev 5′ -GGTAGTGCTGGGACATGTGA-3′; NANOG Fwd 5′ TTTGGAAGCTGCTGGGGAAG 3′, Rev 5′ GATGGGAG GAGGGGAGAGGA 3′; hTERT Fwd 5′-CGGAA GAGTGTCTGGAGCAA-3′, Rev 5′-GGATGAAGCG GAGTCTGGA-3′. The resulting PCR products were visualized after electrophoresis on a 1.5 % agarose gel and staining with ethidium bromide.
For qRT-PCR, the resulting cDNA was then used to create a standard curve for optimized cDNA amplification and primer disassociation of each primer set (above) using the SYBR-greener qRT-PCR Supermix kit (Invitrogen). The primers used for the genes of interest were as above. Relative quantitative polymerase chain reaction (qRT-PCR) was carried out using an Applied Bioscience 7900HT instrument. The resulting data were analyzed using the 2-ΔΔCt method with ABI SDS 2.2.2 software (Applied Bioscience) where ribosomal 18 S (Ambion) gene served as the endogenous control and baseline gene expression was set to signal levels from normal BJ fibroblasts. All data shown were significant (p<0.05) versus BJ cells; analysis was done using a Student's t test.
Results
ASCs can be isolated from many sources, have normal growth and are karyotypically stable Our ASC isolations were similar to previous studies showing an abundance of adherent cells with a 100-fold increase in viable cells when compared to those isolated from bone marrow aspiration (Izadpanah et al. 2006; Zuk et al. 2001; Zhu et al. 2008) . Because prior studies suggested that ASCs reside in a niche located in the perivasculature of capillaries and arterioles (Lin et al. 2008b ), we hypothesized that the blood/saline fraction of lipoaspiration procedures might contain a subset of ASCs, released in part due to the disruptive nature of the lipoaspiration procedure. Our more recent isolations used a modification of the existing extensive 8-to 10-h protocol reduced to a simple 30-min procedure (Francis et al. 2010) , resulting in the successful isolation of ASCs using this rapid protocol (ASC 12 s). We assumed that these cells reside in the capillary beds interspersed throughout fatty deposits, making it possible to obtain ASCs from many other localities in the body. It is also important to note that all of the isolated ASCs were from women undergoing liposuction, abdominoplasty, or breast reduction. In fact, we successfully isolated ASCs from fat tissue from multiple patients throughout the abdomen (ASC 1, 4, 8), legs and arms (ASC 9), buttocks (ASC 12 s) and four successful isolations from four individual breast reduction mammoplasties (bASC 1-4).
Although only the data for ASC 8, ASC 9 and ASC 12 s are shown, we observed a comparable doubling time (24-50 h) with an appropriate proliferative lifespan, ranging from 30 to 50 population doublings (PDs), for all of our ASC cell strains (Table 1) , consistent with other reports (Izadpanah et al. 2006; Zuk et al. 2001; Astori et al. 2007; Katz et al. 2005; Kern et al. 2006; Leong et al. 2005; Lin et al. 2008a, b; Noël et al. 2008; Rebelatto et al. 2008; Wagner et al. 2005; Yoshimura et al. 2006; Zhu et al. 2008) . Based on patient age presented in Table 1 , there appears to be an association of donor age at harvest with overall lifespan of ASCs in 3 of our 14 lines. Additional lifespan determinations were done with other lines, showing that bASC 2 (donor age 16), bASC 3 (donor age 45) and bASC 4 (donor age 32) had lifespans of ∼25 PDs, ∼40 PDs and ∼28 PDs, respectively (data not shown), suggesting no apparent correlation between patient age at isolation and ASC lifespan. An examination of karyotypic stability with continued passage showed that our ASCs were karyotypically stable at both early and late population doublings (PDs) ( Table 1) with no evidence of karyotypic changes associated with transformation to a cancer-like state.
ASCs lack telomerase and show telomere erosion with serial passaging Due to the finite lifespan of our ASCs following continued passage (Table 1) , we wanted to determine the potential mechanism for proliferative lifespan limits. Previous ASC studies have shown the presence of the catalytic component of telomerase, hTERT, (Lin et al. 2008b; Peng et al. 2008) or telomerase activity (Izadpanah et al. 2006 (Izadpanah et al. , 2008 , while others report a lack of telomerase expression in ASCs (Katz et al. 2005; Zimmermann et al. 2003) and that introduction of exogenous hTERT in telomerase-negative ASCs results in elevated telomerase activity (Kang et al. 2004; Kassem et al. 2004 ). To evaluate our cells for telomerase activity, we used a variety of culture conditions: day 0 cultures, low population doubling (PD 2) cells, actively dividing ASCs and ASCs grown in ESC media. ASCs isolated from all tissue locations exhibited a complete lack of telomerase activity in all conditions tested (Fig. 1a) . Additional reports indicate elevated telomerase expression in BM-MSCs upon culturing after serum deprivation (Pochampally et al. 2004; Zhao et al. 2008 ), yet repeated attempts to stimulate our ASC cultures after serum starvation failed to show any telomerase activation even though the cells were actively dividing (not shown). In addition, we examined the levels of hTERT mRNA using standard, gel-based RT-PCR (Fig. 1b) and found no detectable hTERT expression in any of our cultures. Additional attempts at detecting hTERT using realtime RT-PCR also suggested levels of hTERT expression below the limits of detection (data not shown). Given the complete lack of detectable telomerase, we expected gradual telomere erosion in our ASCs and examined global telomere lengths with continued culturing (Fig. 1c) . As anticipated, we found that overall telomere lengths decrease in ASCs with successive PD in samples from the various tissue types, correlating the progressive loss of proliferative capacity to gradual telomere shortening (Fig. 1c) . In addition, our ASCs at high PD exhibited widespread senescence-associated β-galactosidase (SA-β-gal) (Elmore et al. 2002) , indicating the induction of senescence as a consequence of telomere erosion, an example of which, compared to young ASCs (Fig. 1d) , is shown in Fig. 1e .
ASCs immunophenotype is indistinguishable from normal fibroblasts
To clarify the combination of markers most appropriate for classifying our ASCs as stem cells, we tested a panel of antibodies most commonly reported in recent literature (Izadpanah et al. 2006; Zuk et al. 2001; Astori et al. 2007; Katz et al. 2005; Kern et al. 2006; Leong et al. 2005; Lin et al. 2008a, b; Noël et al. 2008; Rebelatto et al. 2008; Wagner et al. 2005; Yoshimura et al. 2006; Zhu et al. 2008) . While there are many conflicting reports, some commonly used cell surface markers do exist (Table 2) . We focused on a consensus set of markers derived from current literature ( Table 2) , most of which were promoted by commercial sources as adult stem cell markers. The positive markers included: CD29 (stains a diverse number of cells including endothelial cells, monocytes and platelets), CD73 (found on epithelium, endothelial and some mature lymphocytes), CD105 (a marker of endothelium and perhaps some stem/ progenitors) and the more controversial marker, CD34, which is primarily found on hematopoietic stem cells. For negative cell surface markers, we used a panel of antibodies generally accepted as negative for mesenchymal cells including: CD45 (a general marker of leukocyte presence), CD31 (a marker of endothelial cells) and CD14 (used to distinguish cells from macrophages/monocytes).
We first tested the iPS line derived from BJ fibroblasts to determine if these cells were similar to our stem cells and found a complete lack of expression for all surface markers (Table 2 ). However, we found a small population of cells in the ASC cultures that express CD34, whereas the CD34 marker was completely absent from BJ fibroblasts and iPS cells. Using careful analysis to show individual cell fluorescence more clearly, the expression of CD34 was low enough (<8 %) that ASCs could easily be called negative if using the traditional examination methods; thus, we classified our ASCs as CD34 low (Table 2 ). Other than the very low expression of CD34 within the ASC populations, BJ fibroblasts showed an indistinguishable cell surface pattern relative to our ASC strains, suggesting that the immunophenotype of ASCs does not classify them as stem cells. As a positive control for staining with the antibodies for CD14, CD31 and CD45, we used HL-60 cells subjected to differentiation after Vitamin D exposure (not shown).
ASCs have high multipotency
In an effort to distinguish our ASCs from normal fibroblasts, we determined their multipotent capabilities by differentiating cells down multiple mesenchymal lineages as reported previously (Izadpanah et al. 2006; Zuk et al. 2001; Astori et al. 2007; Katz et al. 2005; Kern et al. 2006; Leong et al. 2005; Lin et al. 2008a, b; Noël et al. 2008; Rebelatto et al. 2008; Wagner et al. 2005; Yoshimura et al. 2006; Zhu et al. 2008 ). First, we tested their ability to differentiate into their source cell type, adipocytes, using an adipogenic cocktail media with BM-MSCs serving as the positive control. Whether isolated from the saline fraction, abdomen, arms/ legs, breasts, or buttocks, all ASCs successfully differentiated into adipocytes, as did the BM-MSCs (Fig. 2a) . There was no differentiation observed in BJ fibroblast controls (Fig. 2a) or from ASCs and BM-MSCs maintained at confluence for 2-3 weeks in regular growth media without the Fig. 1 ASCs lack telomerase activity and exhibit telomere attrition with continued passage. a Telomerase activity was assessed by TRAP for ASC populations isolated from different tissues (bASC breast ASC). Significant activity is shown for Adenoviral hTERT-infected ASC 8. HL-60 and hESC cells served as positive controls. BJ-GFP and lysis buffer-only samples were used as negative controls. IC 36-bp internal control used to standardize sample-to-sample variation. b Gelbased RT-PCR to detect levels of hTERT in iPS, ASC 8, ASC 9, ASC 12 s, ESCs, bASC 1, bASC 2, bASC 3, BM-MSC and BJ fibroblasts. 18 S levels were tested and included as an internal control, while the negative control refers to no template added to the reaction. c A TRF to examine telomere lengths shows telomere erosion in ASC 8, ASC 9, ASC 12 s, bASC 1, bASC 2 and bASC 3 with increased population doubling (PD), as indicated, with BJ fibroblasts at PD 21 and PD 81 as controls for telomere loss. BJ hTERT at PD 101 shows a more uniform telomere length with less heterogeneity for short telomeres. White bars indicate overall mean telomere length. Young bASCs (d) versus aged bASCs (e) express Senescence-Associated β-galactosidase (SA-β-gal) after long-term culture. Representative images for SA-β-gal staining are shown for bASC 3 at PD 9 and for bASC 3 after 40 PDs in culture. Scale bars (d, e) 100 μm adipogenic cocktail (Control Media) (Fig. 2a) . Successful differentiation into adipocytes was initially characterized morphologically by the formation of round lipid droplets within the cell, which was then confirmed by staining with the lipid and neutral triglyceride-specific stain, Oil Red O. We have confirmed the fat differentiation by finding a substantial increase in the expression levels of the adipogenic markers PPARγ (peroxisome proliferator activated receptor) and lipoprotein lipase (data not shown).
To determine ASCs' ability to differentiate into bone, we subjected cells to a media cocktail containing elements to specifically cause osteogenic differentiation. Morphologically, the cells began to group together and form "bone nodules", a characteristic of osteogenesis in vitro, which was confirmed by staining with Alizaran Red S to visualize the calcification in the surrounding extracellular matrix (Fig. 2b) . All ASCs from the various tissues and BM-MSCs but not BJ fibroblasts or cells grown in normal growth media without the osteogenic cocktail (control media), differentiated along an osteogenic lineage in induction media (Fig. 2b) . To further confirm bone differentiation, elevated levels of both alkaline phosphatase and osterix were observed by qRT-PCR (data not shown).
To classify our ASCs as multipotent, we tested their capacity to differentiate down a chondrogenic pathway by maintaining the cells in a chondrogenic differentiation cocktail for 30 days. Again, all ASC cell types and the BM-MSCs successfully differentiated into a solid chondrogenic micromass pellet that stained positively for the GAG protein-specific Safranin O, which was absent in BJ fibroblasts (Fig. 2c) . In our hands, normal BJ fibroblasts failed to differentiate down any of the three mesenchymal lineages tested, despite a report indicating their ability to differentiate into chondrocytes (Kern et al. 2006) . The BM-MSCs, while variable in their differentiation capacity, were capable of differentiating into all 3 of the mesenchymal lineages tested. Importantly, our rapid isolation ASC strains (ASC 12 s is shown), as well as all ASCs from the various tissue types, show the ability to differentiate into mesenchymal lineages, including bone, fat and cartilage (Fig. 2) (Francis et al. 2010 ).
ASCs express Oct-4, SOX2 and NANOG Because ESCs typically express Oct-4, SOX2 and NANOG, which are referred to as pluripotent markers, we wanted to determine the expression levels of these genes in our multipotent ASCs as a means of further classifying them as adult stem cells. We hypothesized that our ASCs would have elevated levels of these pluripotent genes relative to normal, non-multipotent BJ fibroblast cells. In support of this, some Izadpanah et al. 2006; Zuk et al. 2001; Astori et al. 2007; Katz et al. 2005 Katz et al. , 2006 Leong et al. 2005; Lin et al. 2008a, b; Noël et al. 2008; Rebelatto et al. 2008; Wagner et al. 2005; Yoshimura et al. 2006; Zhu et al. 2008 ) ASCs P0 n.d. Consensus profile
a Average of all data as presence (+), absence (−), or both (+/−); n.d. not done, P0 passage 0, N/A not applicable studies have indicated increased expression of Oct-4 in ASCs and BM-MSCs after serum deprivation (Pochampally et al. 2004 ). We initially tested our primers using standard, gel-based RT-PCR for visual evidence of Oct-4, SOX2 and/ or NANOG, showing that these pluripotent genes are expressed in ASCs from all tissue sources (Fig. 3a) . Because determining the relative expression levels of genes associated with pluriopotency is important for stem cell classification, we also performed qRT-PCR, to determine the quantitative levels of Oct-4, SOX2 and NANOG mRNA transcripts compared to iPS cells ( Fig. 3b-d ). Our baseline expression was set relative to the levels of each transcription factor found in BJ fibroblasts, which express extremely low levels of the respective genes. Both iPS cells, which were created from the same BJ fibroblasts and cultured ESCs (not shown) served as our positive controls. SOX2 is expressed in ASCs at an average of 10-100-fold higher levels than BJs, while expressing ∼10-fold less than the iPS cells (Fig. 3b) . Oct-4 levels were ∼10-to 100-fold below iPS cells, while significantly higher than BJ fibroblasts (Fig. 3c) and NANOG was also measured at 10-to 100-fold higher levels in ASCs than BJ fibroblasts, while being ∼20-fold below iPS cells (Fig. 3d) . Thus, we found that our ASC cell strains express all three markers of pluripotency at significantly higher levels than both normal BJ fibroblasts and BM-MSCs, independent of the tissue of origin (Fig. 3) .
Discussion
Because of damage due to injury or due to the accumulation of changes during the aging process, there is a need to replenish Fig. 2 ASCs differentiate into fat, bone and cartilage. ASC 8, ASC 9, ASC 12 s, bASC 1, bASC 2, BJ and BM-MSCs were tested for their ability to differentiate into 3 mesenchymal lineages. Cells grown in control media (standard growth media) served as negative controls. a Adipogenic differentiation was visualized as lipid droplets in a significant proportion of cells (∼70 %) after 14 days. Cultures were fixed and stained with Oil Red O to specifically highlight lipid formation indicative of adipocytes. b All 5 cell strains were incubated in either osteogenic media or control media for 2-3 weeks to induce osteogenic differentiation. Once cells visually formed aggregates reminiscent of bone nodules and produced significant amounts of calcium deposits (2-3 weeks), cultures were fixed and stained with Alizarin Red S to detect calcium production, which is representative of osteoblast differentiation. c Following micromass pellet formation (see "Materials and methods"), all cells were continuously cultured in either chondrogenic induction media or control media for 30 days. The entire pellet was processed and stained with Safarin O to permit detection of GAG protein production indicative of chondrogenic differentiation. All images in (a) and (b) were captured at ×10 magnification, while images for (c) were captured at ×4 magnification. Scale bars 100 μm and repair damaged or aged tissues in the human body. As such, multipotent adult human stem cells provide an important source for tissue replenishment in the human body, while also being a critical resource for tissue engineering, whether in the generation of autologous tissues on 3-dimensional matrices or for direct injection into organ sites for repair of damaged tissue. Our purpose for the work presented here is to provide further clarification and classification of the stemness of adipose-derived human adult stromal/stem cells isolated from various fat depots within the human body. We find that our ASCs, independent of the site of isolation, have the capacity to readily differentiate into bone, cartilage and fat, consistent with the differentiation capacity of mesenchymal stem cells from bone marrow. Of note, all our tissues were obtained as medical waste, meaning that we are unable to obtain more information that could identify patients. Being unable to collect potential patient identifier data prevents more rigorous comparisons between patients based on metrics such as BMI, diabetic status, race, metabolism, etc. However, we do know that all our patients were female and ranged in age from 16-62 years, which is a broad enough variation to claim that age seems to play a negligible role in the ability of these cells to differentiate into mesenchymal cell types. It is also interesting to speculate that, because women store and metabolize fat differently than men, variation in differentiation and/or expression of Oct-4/SOX2/NANOG could exist when comparing genders. Importantly, obtaining ASCs is substantially easier than obtaining BM-MSCs, which is not only a painful aspiration from the iliac crest but also results in a lower yield and a reduced life span compared to our ASCs. Thus, ASCs are a much more accessible and plentiful source of stem cells that share functional similarities with BM-MSCs. In fact, we have recently identified a population of ASCs (presented here as ASC 12 s) that can be readily isolated from the saline fraction of lipoaspirate without the previous lengthy isolation procedure, making them even more easily attainable for stem cell-related studies (Francis et al. 2010) and differing from previous studies suggesting sonication increases cellular damage and loss of proliferative capacity (OedayrajsinghVarma et al. 2006) . Overall, our results demonstrate that the ASCs from lipoaspiration of tissues throughout the body remain functionally normal and viable without compromising their stem cell-like features.
We also sought to define a subset of cell surface markers as a means to formally identify ASCs as adult stem cells and to clarify some of the inconsistency in the field. We find no definitive immunophenotype for our ASCs that would Fig. 3 ASCs express significant levels of pluripotent stem cell markers. a Gel-based RT-PCR for Oct-4, SOX2, NANOG and 18 S compared to controls shows detectable levels of each transcript for each isolated cell strain. b-d qRT-PCR of Oct-4, SOX2 and NANOG in ASCs is shown relative to expression in BJ fibroblasts (set as the baseline). Relative expression levels for (b) SOX2, (c) Oct-4 and (d) NANOG were assessed using 2-ΔΔCt method in ASCs, BM-MSC and iPS. Data shown are relative to an endogenous control (18 S RNA), with fold change compared to expression levels in BJ fibroblasts (set to 1). All lanes shown have a statistical significance of p<0.05 as compared to BJ fibroblasts using a Student's t test distinguish them from either normal fibroblasts or BM-MSCs using a standard, well-accepted subset of surface markers previously thought to be relatively specific for adult stem cells. In addition, our ASCs lack telomerase expression and gradually shorten their telomeres with advancing age, indicating a telomere-based senescence mechanism. While collectively these data suggest that ASCs, in many ways, behave like normal diploid fibroblasts, our results also define ASCs as multipotent with high expression of markers of pluripotency, allowing ASCs to be classified as adult stem cells.
The multipotent differentiation capacity and elevated Oct-4, SOX2 and NANOG expression are consistent with a stem cell phenotype, suggesting the possibility that ASCs exist in fat stores throughout the body as a more primitive cell type. However, the lack of telomerase in our ASCs suggests that if these cells do play a critical role in the continued replacement of lost or damaged tissues, the body's ability to signal and use these cells may be reduced as they undergo age-related senescence. One plausible mechanism for the continued maintenance of their stem cell abilities is likely the repeated cycling in and out of a quiescent state after cell division. By remaining in a non-dividing state within the body, ASCs can preserve their stem cell capacity and react to specific stimuli in response to the need for tissue repair and/or regeneration rather than continuous cell division.
The generation of iPS cells using ASCs from human sources has only recently been accomplished using retroviralmediated ectopic expression of Oct-4, SOX2, Klf4 and cMyc (Sugii et al. 2010 ), all of which were silenced in the iPS cells and replaced by expression of the endogenous gene. For our purposes, it was of interest that iPS generation using ASCs was more than 200-fold more efficient (0.74 %) than iPS cells created from normal, terminally differentiated fibroblasts (range from 0.001 to 0.002 %) (Sugii et al. 2010) . While their focus was on both the efficiency and the necessity of feeder layers for iPS induction from ASCs, we contend that, because these fat-derived stem cells have elevated levels of the pluripotent genes, Oct-4, SOX2 and NANOG, ASCs are more primitive than normal fibroblasts and have a greater potential for becoming pluripotent. While it seems plausible that the variations in pluripotent gene expression would have a direct effect on the plasticity of our ASCs, we are currently conducting studies that will directly address this question.
One possible therapeutic option for the use of ASCs in tissue engineering may be an ex vivo cell replacement approach. We suggest that future therapies could isolate ASCs in a non-invasive manner, expand by addition of exogenous telomerase if necessary and re-implant cells in damaged areas as needed, similar to what others have proposed (Kassem et al. 2004) . Such therapies may lead to cures for many diseases such as osteoporosis, arthritis and possibly diseases of the brain and nervous system that might include spinal cord injuries and Parkinson's disease. Importantly, these procedures would all be autologous, coming from a patient's own cells, avoiding any graft versus host disease and circumventing much of the controversy surrounding embryonic stem cells.
In conclusion, the common cell surface markers and telomere/telomerase measurements used to identify ASCs succeed in only identifying them as similar to fibroblasts. Our results indicate that ASCs' stemness should be defined by their ability to differentiate into multiple lineages coupled with their expression of the pluripotent stem cellrelated genes Oct-4, SOX2 and NANOG in order to functionally distinguish ASCs as more stem cell-like.
